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Case Study: Channel Stability of the Missouri River,
Eastern Montana

Andrew Simon1; Robert E. Thomas2; Andrea Curini3; and F. Douglas Shields Jr.4

Abstract: The construction of Fort Peck Dam in the 1930s on the Missouri River, eastern Montana, initiated a series of cha
hydrologic conditions and channel morphology downstream from the dam that impacted channel stability. Impacts included s
degradation of up to 3.6 m and substantially altered magnitude, frequency, and temporal distribution of flows. To investigate th
of the altered flow regime and bed degradation on bank stability, two independent bank-stability analyses~one for planar failures, the othe
for rotational failures! were performed on 17 outside meanders. Both included the effects of matric suction and positive por
pressures, confining pressures, and layering. Instability occurred from the loss of matric suction and the generation of positive p
pressures. In this semiarid region, such hydrologic conditions are most likely to occur from the maintenance of moderate and h
~greater than 425–566 m3/s! for extended periods~5–10 days or more!, thereby providing a mechanism for saturation of the streamba
For the postdam period, average annual frequencies of flows maintained above 566 m3/s for 5- and 10-day durations are 149 and 257
greater, respectively. The analyses indicated that 30% of the sites were susceptible to planar failures while 53% of the s
susceptible to rotational failures under sustained moderate- and high-flow conditions, while under a worst-case rapid drawdown
80% of the banks were susceptible to failure. Despite the negative effects of the altered flow regime, analysis of maps a
photographs shows that closure of Fort Peck Dam has resulted in a fourfold reduction of the average rate of long-term channel
between the dam and the North Dakota border.

DOI: 10.1061/~ASCE!0733-9429~2002!128:10~880!

CE Database keywords: Channel stabilization; Missouri River; Montana; Bank stabilization.
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Introduction

‘‘The current ran at five miles per hour usually, but it sped
when it encountered encroaching bluffs, islands, sandbars,
narrow channels. The level was springtime high, almost flo
stage. Incredible to behold were the obstacles—whole trees,
trees, oaks and maples and cottonwoods, that had been upr
when a bank caved in; hundreds of large and thousands of sm
branches; sawyers, trees whose roots were stuck in the bo
and whose limbs sawed back and forth in the current, often ou
sight; great piles of driftwood clumped together, racing downr
er...innumerable sandbars, always shifting; swirls and whirlpo
beyond counting. This was worse than the Mississippi’’~Ambrose
1996, p. 140!. These are the conditions along the Missouri Riv
as experienced by Captain Meriwether Lewis and the Corp
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Discovery in May 1804. Granted this passage refers to the M
souri River in the reaches just upstream of St. Louis, but it
interesting to note that almost 200 years ago river observers w
referring to the effects of bank erosion.

Now, in the 21st century, stability of the Missouri River is st
an important concern for local landowners and government ag
cies responsible for river management. A September 1995
reconnaissance study of a 305 km reach of the Upper Miss
River between Fort Peck Dam, Mont.@river kilometer ~RKM!
2,850# and the confluence of the Yellowstone River~RKM 2,545!
indicated that approximately 50% of the riverbanks in this rea
exhibit evidence of recent geotechnical failure and instabi
~Darby and Thorne 2000!.

The closure of Fort Peck Dam in 1937 caused changes in
delivery of water and sediment to downstream reaches of
Missouri River. Previous studies have quantified channel chan
rates of bank erosion, and channel migration rates@U.S. Army
Corps of Engineers~USACE! 1976; McCombs-Knutson Associ
ates, Inc. 1984; Englebardt and Waren 1991; Wei 1997; Pokre
et al. 1998# and identified bank-erosion mechanisms and the
tent of bank instability~Simon and Darby 1996! for representative
reaches between the dam and the North Dakota border~RKM
2,551!. However, data describing the geotechnical characteris
of representative soil series and bank sections were not obta
and quantitative analyses of bank stability were not attemp
Accordingly, this paper presents analyses of the underlying ca
of streambank and channel instability in the Fort Peck reach
new planar-failure bank stability model incorporating detailed s
and pore-water pressure controls~Simon et al. 2000! is used in
conjunction with a commercially available rotational failu
model@~SLOPE/W 1998! ~Note: Mention of trade names or com
mercial products in this article is solely for the purpose of p

l

t



Fig. 1. Fort Peck Reach—location of study sites, tributaries, and main towns
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viding specific information and does not imply recommendat
or endorsement by the U.S. Department of Agriculture!# and more
traditional analyses to examine the following issues:
1. Flow regimes before and after closure of Fort Peck Dam
2. The impacts of changing flow regimes on bed- and ba

erosion processes;
3. The controlling factors in streambank stability in the rea

and
4. The relative stability of the channel banks.

Results indicate that dam closure has caused significant
degradation in the study reach and, in particular, an increas
the occurrence of long-duration, medium- and high-stage fl
events. Both have had deleterious effects on back stability. An
ses confirm that banks with low cohesion and erodible toes
particularly unstable and that those with high cohesion, f
cracks, and unerodible toes are most stable. In addition, ma
nance of high flows can cause bank saturation, eliminating ma
suction and creating positive pore-water pressures signifi
enough to promote instability. Despite negative impacts on b
stability, postdam channel migration rates are almost four tim
less than predam rates.

General Characteristics of Study Area

The climate in northeastern Montana is semiarid, characterize
cold winters and hot summers, with an average annual preci
tion of about 360 mm. The drainage area above the dam is a
149,000 km2, while that contributing to the reach below the da
is about 93,300 km2. About 66% of this is in the watershed of th
Milk River, which empties into the Missouri River about 16 k
downstream from the dam~USACE 1952; Wei 1997!.

The study reach~Fig. 1!, although generally meandering, co
tains several straight sections and numerous midchannel bar
d

-

-

t

y
-
t

d

islands ~USACE 1952; Wei 1997! so that the overall channe
pattern corresponds well to the ‘‘sinuous braided’’ river ty
~Brice 1984!. The channel is between 244 and 366 m wide a
occupies a floodplain that is between 1.6 and 6.5 km wide. Ch
nel gradient is about 0.0002 and median bed-material size is a
0.25 mm, with occasional deposits of coarse gravel, cobbles,
dense clay.

Channel and Flow Response to Dam Construction

The major effect of Fort Peck Dam on channel geometry has b
channel-bed degradation in the reach immediately downstr
~Williams and Wolman 1984!. Analysis of six cross sections lo
cated between the dam and 74.8 km downstream indicates
thalweg elevation decreased by as much as 4.6 m, with degr
tion being most rapid immediately after closure~Wei 1997!.
Channel widening at the six cross sections varied from 0%
37% ~Wei 1997!.

Darby and Thorne~2000! estimated that 57% of the bank
along the study reach were eroding by mass-wasting proce
Planar failures due to toe scour and oversteepening by flu
undercutting were the most common mechanisms of failu
Comparison of 1975 and 1983 aerial photographs led to
annual-erosion estimate of 302 m2/km ~McCombs-Knutson Asso-
ciates, Inc. 1984; Wei 1997!. However, another study estimate
that bank erosion in the reach led to an average annual los
land of 1,182 m2/km, almost four times greater than the first e
timate ~USACE 1995!.

Changes in Bed Level

Dam closure typically initiates a characteristic sequence
changes in bed elevation in the downstream direction and,
JOURNAL OF HYDRAULIC ENGINEERING / OCTOBER 2002 / 881
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result, has a significant impact on streambank stability by incre
ing bank heights. Bed-elevation data were obtained from the U
Army Corps of Engineers, Omaha District, and from Wei~1997!
for the periods 1936, 1948, 1956, 1966, 1978, and 1994. A
tional data originally derived from four gauging stations along
reach were also obtained from Williams and Wolman~1984!.

As with other alterations to hydrologic regime or channel m
phology, it is imperative to analyze bed-elevation data with
spect to the predisturbed condition because response is most
immediately after dam closure~Williams and Wolman 1984!.
Data on predam conditions~1936 surveys! were obtained from
the six measured cross sections~all within 74.8 km of the dam;
RKM 2,776! and estimated for other sections in the reach dow
stream of RKM 2,776 by assuming vertically stable predam c
ditions and establishing linear regressions between RKM and
evation~see Simon et al. 1999!.

Total bed-level changes were obtained by comparing 1936
elevations with those surveyed in 1994. Decreases in average
elevations varied from 1.8 m near the dam to about 0.2 m n
RKM 2,759, before increasing to 1.07 m toward RKM 2,6
~Simon et al. 1999!. Decreases in thalweg elevations ranged fr
0.2 m near RKM 2,806 to a maximum of 3.66 m near RKM 2,6
~Fig. 2!. The changes represented by the thalweg data, particu
if the thalweg is adjacent to the bank, can be important in c
sidering the most critical conditions regarding bank stability.

By extrapolating temporal changes in bed elevations utiliz
a power function, future changes in both average and thal
elevations are predicted to be less than 0.3 m over the period
to 2008~Fig. 2; Simon et al. 1999!. Channel-bed degradation as
direct result of dam closure is, therefore, essentially compl
Results from four sites in this reach published by Williams a
Wolman ~1984! support these findings.

Changes in Flow Regime

Fort Peck Dam was closed in 1937, but it was not until 1942 t
a minimum operation level was attained~Wei 1997!. Releases
from the dam were elevated somewhat between the late 1
and the mid-1960s to fill downstream reservoirs during an
tended drought~Shields et al. 2000!. Hydropower units began op
eration in 1943 and 1961. Mean daily and peak flow conditio
have undergone changes in magnitude and distribution since
closure of Fort Peck Dam in 1937. In general terms, the clos
and operation of Fort Peck Dam resulted in a decrease in
magnitude of high flows, an increase in the magnitude of l
flows, and a redistribution of high flows from the spring and ea
summer to the winter months.

Fig. 2. Calculated changes in thalweg elevations between 1936
1998 with predicted erosion to 2008
882 / JOURNAL OF HYDRAULIC ENGINEERING / OCTOBER 2002
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To illustrate the changes in flow regimes, mean daily and p
discharge records of the U.S. Geological Survey~USGS! between
1928 and 1996 were analyzed for the gauge at Wolf Point, Mo
located at RKM 2,737, about 114 km downstream from the da
Data were split into four periods: predam~1928–1937!; postdam
period I ~1938–1956!; postdam period II~1958–1967!; postdam
period III ~1968–1995!. Average daily flow values for each of th
designated periods are shown in Fig. 3~a!.

Predam annual hydrographs differ significantly in shape fr
the regulated flows of successive periods. In particular, it can
seen that high flows were shifted from June and July, reflec
snowmelt conditions, to between August and October~1938–
1956!. Subsequent to this, mean daily flows became more reg
More recently~1970–1995!, peak mean daily flows have bee
shifted to the winter months~January and February! @Fig. 3~a!#.
Through the four time periods, the average of the peak mean d
winter flows has steadily increased from about 142 to about
m3/s through the 1990s. However, annual peak-flow data indic
a general decrease in the magnitude of peak flows following
sure of the dam@Fig. 3~b!#, signifying successful flood control.

An analysis of flow frequencies and durations for flows th
now occur around 5% of the time~736 m3/s!, 60% of the time
~283 m3/s!, and 90% of the time~142 m3/s! was conducted~Table
1!. Flow levels for these discharges were subsequently use
bank-stability analyses to represent a reasonable range of su
and groundwater conditions for the reach. The flow-duration
ries show higher discharges about 90% of the time, with m

Fig. 3. Average of mean daily flows for four different periods
Missouri River at Wolf Point gauge showing~a! change in timing of
high-flow season,~b! reduction of predam peaks, and~c! shift in
flow-duration curve



lows at
Table 1. Occurrence of Discharges Used in Bank-Stability Modeling and Average Number of Occurrences of 5- and 10-Day Duration F
Wolf Point Gauge, Showing Increased Occurrence of Long-Duration High Flows after Closure of Fort Peck Dam

Discharge
Q
~m3/s!

PREDAM 1928–1937
% total time
Q equaled
exceeded

POSTDAM 1938–1996
% total time
Q equaled
exceeded

10-Day Duration 5-Day Duration 10-Day Duration 5-Day Duration

~% time! ~No./yr! ~% time! ~No./yr! ~% time! ~No./yr! ~% time! ~No./yr!

736 0.0 0.0 0.1 0.3 2.8 0.1 0.4 0.3 1.1 5.2
566 0.1 0.3 0.3 1.2 — 0.3 1.2 0.8 3.0 —
425 0.2 0.9 0.9 3.1 — 0.7 2.5 1.9 6.8 —
283 0.9 3.1 2.4 8.9 23.5 3.2 11.6 7.4 26.8 56.8
142 — — — — 64.7 — — — — 87.7

Note: Dash indicates data not available.
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daily flows equal to or greater than 283 m3/s now occurring on
average 207 days/year, twice the note in the predam period@Fig.
3~c!#. This suggests the storage and redistribution of high sp
runoff flows so that there are no extended periods of very
flows. Dam operation has also resulted in an increase in the
quency of moderate- and high-duration flows. As an example,
the postdam period average annual frequencies of flows m
tained above 566 m3/s for 5- and 10-day durations are 149 a
257% greater, respectively~Table 1!.

Implications for Bank Stability

It is common along regulated rivers such as the Missouri
moderate and high stages to be maintained for a longer perio
time than under predam conditions. If moderate to high stages
maintained for sufficient time, the near-bank region may beco
saturated by lateral infiltration at levels above low water. If sta
is then decreased rapidly, a drawdown condition occurs, resu
in unfavorable pore-water pressure conditions. Additionally,
shifting of peak flows into the winter when parts of the river a
frozen can have significant effects on channel morphology
generating positive pore-water pressures higher up the banks
by altering flow distributions, thereby providing a given dischar
with a greater erosive power. However, if stage is reduced slo
permitting positive pore-water pressures to dissipate, streamb
can sometimes maintain their strength and stability. The effect
pore-water pressures and confining pressures on bank sta
have been explored by many other authors including Casagli e
~1997!, Simon and Curini~1998!, Rinaldi and Casagli~1999!, and
Simon et al.~2000!.

To illustrate the effects of high stage on soil moisture a
pore-water pressures, it should be noted that clay banks
extremely low hydraulic conductivities. A value of 1028 m/s is a
reasonable representation for solid beds of clay without crack
fissures~e.g., Rawls and Brakensiek 1985!. This means that infil-
tration 0.9 m landward would occur in about three years, ass
ing zero head. However, since the banks along the study re
exhibit frequent cracks and macropores from desiccation, fre
thaw, tension, rotted vegetation, etc., it is safe to assume
hydraulic conductivity is significantly greater. A value o
1026 m/s is a reasonable estimate for silty materials and fissu
clays ~Rawls et al. 1992!. Given this value and again assumin
zero head, the zone of soil saturation can extend 0.9 m into
bank if high river stages are maintained for a 10-day period,
saturation of a 0.4 m deep zone can occur within 5 days. T
scenario provides a mechanism for the maintenance of relati
high bank-saturation levels that can critically weaken strea
-
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f
e

d

s
f
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l.

e
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banks in a semiarid region, since 0.4 and 0.9 m represent com
failure block widths observed in the field.

Flow-duration information~Table 1! therefore indicates how
often maintained surface-water levels could cause bank satura
at a given elevation to extend 0.4 and 0.9 m into the bank. Ta
1 shows that predam, high-steady flows equaling or excee
566 m3/s could not have caused 0.9 m of saturation into the ba
since flows of this magnitude were not maintained for lo
enough periods. During the postdam period, however, flows
566 m3/s or greater were sustained for 10 days or more 0.3%
the time, or on average just over once per year, allowing infilt
tion to help destabilize streambanks. It should be noted that
last time flow levels were maintained above 566 m3/s for 5–10
days at the Wolf Point gauge was 1986. In the past 23 years
occurred in 1976, 1978, 1979, 1982, and 1986.

Five scenarios combining worst- and best-case combinat
of groundwater and river stages were selected for modeling.
scenarios were as follows:

• Case 1. A river stage~RS! corresponding to the elevation o
a flow of 736 m3/s; groundwater elevation~GW! corresponding to
the elevation of a flow of 736 m3/s;

• Case 2. RS at 283 m3/s; GW at 736 m3/s;
• Case 3. RS at 283 m3/s; GW at 283 m3/s;
• Case 4. RS at 142 m3/s; GW at 283 m3/s; and
• Case 5. RS at 142 m3/s; GW at 142 m3/s.
Case 2, with high groundwater levels and relatively low flo

in the channel, is considered to be a worst-case rapid-drawd
condition. Case 4 represents another drawdown case, but n
severe as Case 2. Conversely, Case 5, with low groundwater
surface-water levels, is considered the most conservative bec
of the important effects of negative pore-water pressures in
hancing bank strength. Elevations corresponding to the 283
736 m3/s water surfaces were extracted for each site from m
sured water-surface profiles reported in Wei~1997!. Elevations
corresponding to the 142 m3/s water surface were obtained b
interpolating rating curves developed by Wei~1997! for seven
gauges located between RKMs 2,608 and 2,843. For most o
banks, all groundwater levels above the elevation of the 283 m3/s
water surface would generate positive pore-water pressures
least a portion of the assumed failure planes.

Site Selection

Data collection centered on characterizing the physical and g
technical properties of a range of bank materials along part
larly unstable channel sections. A primary consideration in
selection was that of soil series even though soil classifica
JOURNAL OF HYDRAULIC ENGINEERING / OCTOBER 2002 / 883
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Table 2. List of Study Sites, Representative Soil Series, and Date Visited

Site name River kilometer Soil series Date teste

Nohly 2,557 Havrelon 09/09/97
Hardy 2,581 Lohler 09/10/97
Culbertson 2,608 Havrelon 09/08/97
Tveit-Johnson 2,613~low terrace! River Wash 08/19/96
Tveit-Johnson 2,613 Lohler 08/19/96
Iverson 2,623 Havrelon 08/20/96
Vournas 2,624 Lohler 08/20/96
Mattelin 2,648 Trembles 08/21/96
Woods Peninsula 2,697 Trembles 09/10/97
McCrae 2,706 Shambo 09/11/97
Wolf Point 2,737 Gerdrum 09/12/97
Pipal 2,761 Havre 08/21/96
Flynn Creek 2,780 Harlem 08/22/96
Fraizer Pump 2,795 Harlem 09/15/97
Little Porcupine 2,806 Harlem/Till 09/15/97
Milk River 2,835 Harlem 09/16/97
Garwood 2,840 Havre-Harlem 09/17/97
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encompasses only the upper 1.52 m of the soil in what may
5 m high bank. Nevertheless, it was felt that by sorting the s
initially by soil series, information could be provided on the ran
of shear strengths of the upper part of the bank. During the fi
investigation, soils from eight soil series were evaluated at
sites on the outside of meander bends~Table 2; Fig. 1!. Generally,
these soils were fine grained and consisted of silty clay and
loam, with some fine sand. Only the Riverwash and Tremb
series consisted primarily of sand-sized materials.

Testing and Sampling of Bank Material

Direct measurements of the drained shear strength of the b
materials were made at each site with an Iowa borehole s
tester~BST!. This instrument enables rapid in situ determinati
of soil shear strength~Lutenegger and Hallberg 1981!. A series of
tests was performed in each borehole at several depths as dic
by bank stratigraphy. Samples of streambank material were
removed from these boreholes to determine particle-size distr
tion, moisture content, and bulk unit weight. Finally, pore-wa
pressures were measured in situ at various depths with a m
ture, digital tensiometer inserted into an ‘‘undisturbed’’ core. R
sults of the BST and other geotechnical tests are shown in T
3.

Bank Stability Analyses

Two types of bank-stability analyses were conducted to comp
the stability of the 17 study sites: a commercially available ro
tional failure analysis~SLOPE/W 1998! and the Agricultural Re-
search Service~ARS! method for planar failures~Simon et al.
2000!. To provide a more physically based analysis of ba
failure occurrence, conditions, and frequency, planar and r
tional failures were modeled using geotechnical data specifi
each bank layer~Table 3! and pore-water pressure distribution
derived from assumed combinations of phreatic and water-sur
~river stage! elevations. Suction values above the water table
creased linearly upward away from the water table toward
884 / JOURNAL OF HYDRAULIC ENGINEERING / OCTOBER 2002
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floodplain surface. All elevations were referenced to the wa
surface elevation of a given flow discharge.

Agricultural Research Service Method for Planar
Failures

An analytical method that accounts for variations in bank mate
as well as the effects of pore-water and confining pressures
required to obtain a better understanding of the failure conditi
in the study reach. A bank-stability algorithm for cohesive, la
ered banks has been developed by the ARS~Simon and Curini
1998; Simon et al. 2000!, incorporating both the failure criterion
of Mohr-Coulomb for the saturated part of the failure surface, a
the failure criterion modified by Fredlund et al.~1978! for the
unsaturated part of the failure surface.

The formulation for shear strength (Sr) utilizing the standard
Mohr-Coulomb equation and incorporating the effects of ma
suction produces~Fredlund et al. 1978!

Sr5c81~s2ma!tanf81~ma2mw!tanfb (1)

wherec85effective cohesion~kPa!; s5normal stress~kPa!; ma

5pore-airpressure~kPa!; (s2ma)5net normal stress on the fail
ure plane ~kPa!; f85effective friction angle ~deg!; mw

5pore-water pressure on the failure plane~kPa!; (ma2mw)
5matric suction~c! ~kPa!; and fb5rate of increase in shea
strength due to increasing matric suction~deg!. The value offb is
generally between 10 and 20°, with a maximum value off8
under saturated conditions~Fredlund and Rahardjo 1993; Simo
et al. 2000!.

The algorithm, developed by the ARS based on the limit eq
librium method, accounts explicitly for several additional forc
acting on a planar failure surface that are not included in ear
bank-stability models such as that of Osman and Thorne~1988!.
These include the force produced by matric suction on the un
urated part of the failure plane (S), the hydrostatic-uplift force
due to positive pore-water pressures on the saturated part o
failure plane (U), and the hydrostatic-confining force provide
by the water in the channel and acting on the bank surface~P!
~Casagli et al. 1997; Simon and Curini 1998; Simon et al. 200!.

The hydrostatic-uplift~U! and confining~P! forces are calcu-



Table 3. Summary of Geotechnical Data Collected for Each Soil Unit for Bank-Stability Modeling at 17 Study Sites

River kilometer Depth~m!
Failure surface

deptha ~m! USCS ca ~kPa! cu ~kPa! c8 ~kPa! f8 ~deg! fb ~deg! c ~kPa! gamb ~kN/m3! gsat ~kN/m3!

2,557 3.4 — ML 17.8 — 13.2 30.1 17.0 15.0 14.2 21.4
2,557 5.1 4.7 CH-CL 9.1 — 7.3 29.1 17.0 5.8 17.9 22.2
2,581 2.7 — CL 18.2 — 10.6 20.2 17.0 25.0 15.4 21.2
2,581 4.9 — CH-CL 14.9 — 12.9 23.3 17.0 6.5 16.9 21.1
2,581 7.0 6.7 SM 1.9 — 1.7 32.9 17.0 0.5 16.3 20.9
2,608 2.4 — CH-CL 17.3 — 8.7 29.5 17.0 28.0 16.6 21.3
2,608 3.2 5.2 CL 23.5 — 22.7 8.8 17.0 2.7 15.4 19.9
2,613 LTb 0.6 — SM-ML 0.0 — 0.0 30.9 17.0 — 13.0 15.4
2,613 LTb 1.5 4.6 SP 0.0 — 0.0 26.4 17.0 — 16.9 21.1
2,613 4.1 — CL 31.0 — 9.4 26.9 17.0 — 15.4 20.6
2,613 4.9 — CL 32.3 — 31.5 5.5 17.0 — 16.9 20.8
2,613 5.5 5.9 SM 1.9 — 1.9 32.9 17.0 — 20.3 23.0
2,623 2.2 — CL 16.2 — 12.5 28.3 17.0 — 15.8 20.7
2,623 3.7 — SP 0.0 — 0.0 35.0 17.0 — 18.0 21.6
2,623 7.5 3.7 CL — 77.8 — 0.0 17.0 — 21.0 21.6
2,624 2.1 — ML-CL 16.0 — 8.5 20.9 17.0 — 16.6 21.3
2,624 2.4 4.6 SP 0.0 — 0.0 35.0 17.0 — 13.5 21.1
2,648 1.8 — SM 0.0 — 0.0 38.1 17.0 — 13.5 20.0
2,648 2.1 — ML 17.8 — 10.1 30.1 17.0 — 15.7 20.7
2,648 2.7 3.8 SP 4.6 — 0.0 35.4 17.0 — 16.5 21.3
2,697 3.4 — SM 2.2 0.4 26.9 17.0 6.0 14.5 21.4
2,697 3.8 — CL — 77.8 — 0.0 17.0 6.0 21.0 21.6
2,697 4.0 5.9 SP 0.0 — 0.0 35.0 17.0 0.0 18.0 21.6
2,706 3.4 — CL 9.2 — 0.0 33.6 17.0 30.0 14.1 20.9
2,706 4.1 — SM 2.9 — 2.1 37.6 17.0 2.5 16.9 21.4
2,706 7.0 7.0 CL 33.0 — 32.2 14.0 17.0 2.5 17.1 21.4
2,737 2.7 — CL 8.3 — 2.5 27.6 17.0 19.0 16.1 21.4
2,737 3.0 — SC 0.2 — 0.0 35.0 17.0 6.0 15.4 21.1
2,737 6.7 6.1 CL 20.3 — 19.2 14.5 17.0 3.5 16.7 20.5
2,761 2.4 — CL 0.0 — 0.0 37.7 17.0 — 14.8 21.0
2,761 3.8 — CL-CH 25.1 — 22.3 13.4 17.0 — 17.3 21.4
2,761 5.5 5.5 SM 0.0 — 0.0 37.9 17.0 — 15.2 20.9
2,780 2.7 — CL-CH 0.0 — 0.0 32.0 17.0 — 16.0 21.1
2,780 3.7 — CH 21.0 — 8.5 26.1 17.0 — 16.9 21.0
2,780 5.5 5.5 CH 1.9 — 0.0 35.0 17.0 — 14.5 20.1
2,795 0.9 — CL 9.2 — 8.1 28.8 17.0 — 15.4 20.4
2,795 1.2 — CH 6.0 — 2.8 28.1 17.0 10.5 15.3 20.6
2,795 4.9 5.2 CL 9.2 — 8.1 28.8 17.0 3.5 15.4 20.4
2,806 1.8 — CL-CH 10.2 — 5.0 33.2 17.0 17.0 15.2 21.1
2,806 6.1 6.4 CL 17.8 — 15.8 22.5 17.0 6.5 15.1 19.7
2,835 4.9 6.5 CH 29.7 — 27.7 9.9 17.0 6.5 16.3 20.2
2,840 2.8 — CH 7.8 — 2.1 33.8 11.0 29.5 13.5 20.2
2,840 3.8 — SM 1.9 — 1.9 32.9 11.0 — 14.5 20.1
2,840 4.3 4.3 CL 1.1 — 1.1 28.9 11.0 16.0 14.0 21.2
2,840 8.3 — SM 1.9 — 1.9 32.9 11.0 — 14.5 20.1

Note: Dash indicates data not available.
aFrom bank top.
bLow terrace.
ter
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lated from the area of the pressure distribution of pore-wa
(hu•gw) and confining (hcp•gw) pressures (mw) by

U5
gwhu

2

2
(2)

P5
gwhcp

2

2
(3)
where gw59.81 kN/m3; hu5pore-water head~m!; and hcp

5confining-water head~m!. The loss of the hydrostatic-confinin
force ~P! provided by the water in the channel is the prima
reason bank failures often occur after the peak flow and on
recession of stormflow hydrographs.

Multiple layers are incorporated through summation of forc
in a specific (i th) layer acting on the failure plane. The factor
safety (Fs) is ~Simon et al. 2000!
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Table 4. Minimum Factor of Safety for Planar Failures under Different Hydrologic Conditions

Site

Planar Failures

Minimum factor of safety for given hydrologic conditions
RS-736 GW-736 RS-283 GW-736 RS-283 GW-283 RS-142 GW-283 RS-142 GW

2,557 1.36 0.85 1.60 1.54 1.75
2,581 1.00 0.80 1.29 1.29 1.29
2,608 1.64 1.41 1.83 1.83 1.84
2,613~low terrace! 0.52 — 0.81 — 0.91
2,613 1.23 0.83 1.58 1.50 1.67
2,623 1.49 0.61 1.92 1.92 1.92
2,624 0.77 0.11 1.12 1.09 1.20
2,648 1.05 0.80 1.43 1.43 1.43
2,697 1.20 0.95 1.56 1.56 1.56
2,706 1.52 1.52 1.52 1.52 1.52
2,737 1.23 0.99 1.44 1.42 1.52
2,761 0.94 0.57 1.27 1.26 1.36
2,780 0.81 0.60 1.16 1.16 1.16
2,795 1.63 0.97 1.88 1.82 2.01
2,806 1.92 1.57 2.15 2.11 2.28
2,835 2.85 2.41 2.90 2.89 2.91
2,840 0.99 0.64 1.30 1.30 1.35

Notes: RS5elevation of river at given discharge.

GW5elevation of groundwater equal to specified river discharge.
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whereLi5 length of the failure plane incorporated within thei th
layer ~m!; Wi5weight of the failure block~N!; b5failure-plane
angle~deg!; anda5bank angle~deg!. Eq. ~4! represents the con
tinued refinement of bank-failure analyses by incorporating ad
tional forces and soil variability~Osman and Thorne 1988; Simo
et al. 1991; Casagli et al. 1997; Simon and Curini 1998; Rina
and Casagli 1999; Simon et al. 2000!.

Results of ARS Method for Planar Failures
Under the worst-case scenario~Case 2! all but four sites~RKMs
2,608, 2,706, 2,806, and 2,835! are unstable, withFs less than 1.0
~Table 4!. These four sites contain bank materials exhibiting so
of the greatest cohesive strengths in the reach~Table 3!, combined
with relatively resistant bank-toe material. When both the ri
stage and groundwater levels are high~at the level corresponding
to a 736 m3/s flow!, about 30% of the banks are still unstab
Results of all analyses are presented in Table 4, while Fig
shows an idealized bank section displaying the modeled criti
failure surface.

Under the less critical drawdown scenario~Case 4! all of the
modeled banks are stable, with the site at RKM 2,624 approa
ing a condition of instability. The shift from generally unstable
generally stable conditions is explained on the basis that sa
tion of the lower portion of the bank~as in Case 4! is generally
below the base of the failure plane~Fig. 4!. Because of this, the
loss of suction at the base of the bank does not affect b
strength andFs calculations along the failure plane.

Rotational Failures

Rotational failures were analyzed usingSLOPE/W, a commer-
cially available limit equilibrium method slope-stability softwa
886 / JOURNAL OF HYDRAULIC ENGINEERING / OCTOBER 2002
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package~SLOPE/W1998!. Stability analyses of the Missour
River banks were performed using the Bishop method. T
method allows evaluation of the stability of layered banks fo
variety of slip-surface shapes and for a variety of pore-water p
sure conditions and soil properties. In the Bishop method,
method of slices is employed to evaluate the forces between
adjacent slices~Bishop 1955!. TheFs is found using Eq.~5!

Fig. 4. Idealized bank section at river kilometer 2,557~Nohly! show-
ing modeled critical failure surface using Agricultural Research S
vice method for planar failures, factor of safety (Fs), river stage and
groundwater levels, location of borehole shear tester tests, and d
entiated soil units@ML5silt, CLuCH5clay ~low to high plasticity!#
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Table 5. Minimum factor of safety for rotational failures under different hydrologic conditions

Site

Rotational Failures

Minimum factor of safety for given hydrologic conditions
RS-736 GW-736 RS-283 GW-736 RS-283 GW-283 RS-142 GW-283 RS-142 GW

2,557 1.12 0.61 1.09 0.90 1.19
2,581 0.78 0.50 0.87 0.79 0.90
2,608 1.05 0.81 1.07 1.02 1.08
2,613~low terrace! 0.52 0.10 0.56 0.52 0.68
2,613 0.96 0.79 1.27 0.95 1.07
2,623 1.29 0.34 1.52 1.50 1.67
2,624 0.83 0.34 0.87 0.78 0.89
2,648 0.76 0.75 0.80 0.75 0.96
2,697 0.91 0.88 1.52 1.53 1.63
2,706 1.64 1.29 1.57 1.65 1.59

2,737 0.97 0.97 1.60 1.59 1.69
2,761 1.06 0.83 1.17 1.17 1.25
2,780 0.75 0.63 1.06 1.06 1.15
2,795 1.32 0.95 1.40 1.32 1.48
2,806 1.53 1.23 1.59 1.54 1.68

2,835 2.45 2.13 2.31 2.25 2.29

2,840 0.72 0.51 0.94 0.94 0.97

Notes: RS5elevation of river at given discharge.

GW5elevation of groundwater equal to specified river discharge.
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whereb5 length of each slice at the base, in m;R5radius of the
circular slip surface or the moment arm associated with the
bilized shear force for any shape of slip surface, in m;N
5average normal stress at the base of each slice, in kN/mW
5total weight of a slice of widtha and heighth, in kN/m; and
x5horizontal distance from the centerline of each slice to
center of rotation or to the center of moments, in m.

Results of Rotational Analysis
Under the worst-case scenario~Case 2! all but three of the mod-
eled streambanks are found to be unstable. As with the pla
failure analyses, sites at RKMs 2,706, 2,806, and 2,835 ap
stable~Table 5!. All of these sites have cohesive materials at
bank toe, thereby slowing fluvial erosion and the steepening
the lower part of the bank. The sites that are unstable under a
the simulated conditions are located at RKMs 2,581, 2,613
terrace, 2,624, 2,648, and 2,840. An example of the most cri
failure surface, generated for the worst-case scenario, is show
Fig. 5.

Channel Migration Rates

To provide a link between local bank stability and long-term l
eral migration rates, an analysis of pre- and postdam cha
migration was performed. Channel migration is defined here
the average rate of lateral migration along a river reach in dim
sions of length per unit time. To calculate channel migration ra
available maps and photographs were organized to provide
predam coverages~1890 and 1913–1918! and two postdam cov-
erages~1968–1971 and 1991!. Because of limitations of availabl
data, we determined channel migration by generating cha
-
r

f

l
n

l

,

l

centerlines for each map or photo coverage, overlaying th
traces, and calculating the areas enclosed by the intertwined
tized centerlines. Centerlines were used instead of bankline
reduce error introduced by different mapping conventions~Hooke
1997!. Channel migration was then computed by dividing the s
of polygon areas for a given reach by the length of the earlie
the two centerlines and the time between the two coverages.
ther details on the method of comparison and analysis can
found in Shields et al.~2000!.

Fig. 5. Idealized bank section at river kilometer 2,557~Nohly! show-
ing modeled rotational critical failure surface, factor of safety (Fs),
river stage and groundwater levels, location of borehole shear te
tests, and differentiated soil units@ML5silt, CLuCH5clay ~low to
high plasticity!#
JOURNAL OF HYDRAULIC ENGINEERING / OCTOBER 2002 / 887



er-
ch,
am

nne
, bu
re-
nes
te o
ost

1.
clo

er
ban
ges
an
, th
Th
ban
ate
lysis
0.0
ter
line
he
991
sur
t in

he
to

-
4.3
. 6

n a
trea
0.9

e
ing

for
ere

e
the
opo
ost
in

tic
s
h
oc-

ion,
ause

of
firm

are
s:

ple
613
est
ing

te at

ns

wa-

me
rre-
d-
as
the
on-

be

e.
ity
high

The
t is

face-

the
ve
ura-
ll in
thus
ail-
eatly
Comparison of Pre- and Postdam Channel Migration
For the reach of the Missouri between Fort Peck Dam~RKM
2,850! and RKM 2,636, channel migration rates were consid
ably higher prior to dam closure than afterward. In this rea
about 3,079 ha of floodplain were enclosed by the two pred
centerlines. This value includes areas affected by five cha
avulsions that may not have been eroded by the river channel
probably is a good estimate of the total area of floodplain
worked by the river. Only 722 ha were enclosed by centerli
derived from the two postdam coverages. Thus, the mean ra
predam channel migration was 6.6 m/year, while the mean p
dam rate for the same reach between 1971 and 1991 was
m/year, representing a decrease of about 73% following dam
sure.

Local ‘‘Activity’’ Rates
Local lateral bankline retreat rates at the 16 main study sites w
calculated as the difference in area encompassed by digitized
klines bracketing time periods from 20 to 42.5 years. Covera
were selected from available maps dated from 1947 to 1971
aerial photographs during the summer of 1991. In each case
length of the subreach used for analysis was about 1.6 km.
net area encompassed by the banklines divided by the mean
length provided an average distance that the bank had migr
over the period. Given the estimated error inherent in the ana
~0.2–0.9 m/year!, average retreat distances ranged from about
m for two sites near the dam to close to 30 m at river kilome
2,624. This error estimate does not include differences in bank
position created by differing definitions of bankline used by t
makers of the 1947–1971 maps and our interpretation of 1
aerial photographs. Dividing by the number of years between
veys normalizes the data and results in the rate of retrea
m/year ~Fig. 6!. For the ten sites upstream of RKM 2,636, t
local channel migration rates calculated for the period prior
dam closure~via the method outlined above! have also been plot
ted in Fig. 6. Maximum bank retreat rates vary from 0.7 to 1
m/year, while average rates vary from 0.0 to 4.1 m/year. Fig
clearly shows the considerable reduction in channel migratio
these ten sites since closure, with an average reduction in re
rate from a predam value of 9.4 m/year to a postdam value of
m/year.

Summary of Results of Channel-Stability Analyses

Direct comparisons between absoluteFs values for the various
hydrologic scenarios at a site~listed in Table 4! are difficult be-
causeSLOPE/Wselects the most critical failure surface for th
specified hydrologic conditions. Failure sizes and correspond
block widths are, therefore, of different sizes. Block widths
the simulated failures along the most critical failure surfaces w
actually smaller than those for the modeled planar failures~Simon
et al. 1999!. This is contrary to what is predicted by theory~Car-
son and Kirkby 1972!, but may be explained by the fact that th
more cohesive clay materials are usually found low down
bank and, as rotational failure planes encompass a greater pr
tion of the lower units than do planar failure planes, the m
critical rotational failure is often higher up the bank, resulting
smaller block widths.

Despite this, it is encouraging that totally different analy
techniques~the ARS method andSLOPE/W! show the same site
to be stable~or unstable! under similar conditions. When hig
groundwater levels are matched by high river levels, which
888 / JOURNAL OF HYDRAULIC ENGINEERING / OCTOBER 2002
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curs when flows are maintained long enough to allow saturat
sufficient positive pore-water pressures are developed to c
30% of the sites to be susceptible to planar failures while 53%
the sites are susceptible to rotational failures. Results con
previous findings that banks of low shear~and cohesive! strength
as well as those with erodible bank-toe material~i.e., sand or silty
sand! are generally unstable. Sites with low shear strengths
characterized by sandy or silty soils of the following soil serie
Lohler, Havre-Harlem, Riverwash, and Trembles, while exam
locations of sites with sandy bank toes are RKMs 2,581, 2,
low terrace, and 2,624. In contrast, banks with clay in the low
portion of the bank and/or at the bank toe, and banks contain
clays resistant to deep cracking, are the most stable. The si
RKM 2,835 is representative of the latter condition.

This research has highlighted additional hydrologic conditio
that promote streambank instability. For the study reach
1. Banks are most stable during low stages and low ground

ter heights corresponding to the elevation of the 142 m3/s
flow. Banks that are stable during low water often beco
unstable during drawdown conditions, such as a stage co
sponding to 283 m3/s and a groundwater height correspon
ing to 736 m3/s, due to the increase of driving forces such
soil unit weight and positive pore-water pressure, and
reduction of resisting forces such as matric suction and c
fining pressure.

2. The destabilizing effect of high groundwater levels can
produced by maintaining flows greater than 425–566 m3/s
for five to ten days~or more!. The frequency of flows of this
magnitude and duration has increased since dam closur

The hydrologic conditions that often result in bank instabil
are related to the frequency and duration of moderate and
flows. The elevation of flows greater than 283 m3/s impinges on
banks above the level of the base of the failure surface.
higher the flow level, the greater the proportion of the bank tha
subject to saturation and positive pore-water pressures. Sur
water elevations associated with the 566 m3/s and greater flows
will have a significant negative impact on the shear strength of
bank material if the flow level is maintained for more than fi
days. Based on assumed values of hydraulic conductivity, sat
tion reaches 0.9 m into the bank mass after ten days. Rainfa
this region is not adequate to create these levels of saturation;
maintenance of high flow levels creates the mechanism for f
ure. It is reasonable to assume that these effects would be gr

Fig. 6. Long-term lateral erosion rates for study sites
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amplified during winter months when flow confinement by i
may generate pore-water pressures that are greater than thos
dicted hydrostatically.

Despite detrimental impacts on bank stability, closure of F
Peck Dam has resulted in almost a fourfold reduction of the
erage rate of channel migration between Fort Peck Dam
RKM 2,636. Channel migration over the entire reach occurre
a rate 3.7 times greater prior to impoundment than prese
which is comparable to findings of others studying effects of si
lar flow regulation on other large, alluvial channels~Bradley and
Smith 1984; Johnson 1992; Jiongxin 1997!. This change is almos
certainly due to the changes in peak-flow levels and freque
following dam closure, and may have negative ecological im
cations~Shields et al. 2000!.

Conclusions
Analysis of bed-level trends in the Fort Peck Reach of the M
souri River has shown that bed degradation as a direct resu
the 1937 closure of Fort Peck Dam has reduced thalweg el
tions ~and hence increased bank heights! by an average of 1.8 m
Future degradation as a result of dam closure is projected t
minimal. The application of two different streambank-stabil
models has shown that bank erosion by mass-wasting proces
an active process on the outside of meander bends. Insta
occurs from the loss of matric suction and the generation of p
tive pore-water pressures during maintained high flows. In
semiarid region, flow modification ensures that bank satura
can occur several times during the year, but especially during
winter, when stages are maintained at a high level long enoug
enable infiltration into the bank mass. Based on assumed rat
hydraulic conductivity, saturation 0.4 m into the bank can occu
flows are maintained for about 5 days or 0.9 m if maintained
10 days. Once flows recede, a drawdown condition is created
triggers mass-wasting events. These types of drawdown co
tions have increased in frequency since the closure of Fort P
Dam in the late 1930s. A ‘‘worst-case’’ drawdown condition w
represented by a phreatic surface elevation equal to the elev
produced by a 736 m3/s discharge~presently equaled or exceede
about 5% of the time! and a water-surface elevation in the cha
nel equal to the stage for a discharge of 283 m3/s ~presently
equaled or exceeded about 60% of the time!.

Despite negative impacts on bank stability, the closure of F
Peck Dam has resulted in a fourfold reduction of the average
of bank retreat. This reduction is probably linked to the reduct
in overbank flows and a change to a more laterally stable cha
pattern since channel incision. Avulsions such as neck cuto
which are included in the channel migration data, usually oc
when overbank flows adopt advantageous routes~Brice 1973!.
The elimination or reduction of overbank flows in the postda
period implies that channel changes must now occur as a resu
processes acting only on the banks and not on the banks, w
the channel, or on floodplains as in the predam era. The sca
the reduction in bank retreat rates is comparable to those repo
in other studies on the effects of flow regulation on large, alluv
channels, but direct quantitative comparison between ba
stability model results for the study reach and other large, re
lated rivers is not appropriate. However, parallels can certainly
drawn from this study regarding the consequences of flow re
lation on bank instabilities in other incised alluvial rivers.
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Notation

The following symbols are used in this paper:
b 5 length of each slice at base;

ca 5 apparent or total cohesion;
cu 5 undrained cohesion;
c8 5 effective cohesion;

hcp 5 confining-water head;
hu 5 pore-water head;
N 5 average normal stress at base of each slice;
R 5 radius of circular slip surface or moment

arm associated with mobilized shear force
for any shape of slip surface;

Sr 5 shear strength;
W 5 total weight;
x 5 horizontal distance from centerline of each

slice to center of rotation or to center of
moments;

a 5 bank angle;
b 5 failure-plane angle;

gamb 5 ambient~in situ! soil unit weight;
gsat 5 saturated soil unit weight;
gw 5 unit weight of water~9.81 kN/m!;
ma 5 pore-air pressure;
mw 5 pore-water pressure;

s 5 normal stress;
(s2ma) 5 net normal stress;

fb 5 rate of increase in shear strength due to in-
creasing matric suction;

f8 5 effective angle of internal friction; and
c 5 matric suction (ma2mw).

Subscripts
i 5 positive number index.
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